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1 Introduction

Environmental isstes are becoming increasingly important

for product designers and manufacturers Public awareness of

the value and fragility of an intact ecology is constantly grow-
ing, and the traditional assumption that the cost of ecological
burdens should be shared by the society as a whole is no longer
accepted. The European Union, for example, has introduced
a set of guidelines: the Eco-Management-and-Audit Scheme
(EMAS) Although still voluntary, EMAS signals that environ-
menta} responsibility fies with industry. In Germany, for in-
stance, this attitude is already being enforced with legislation
guided by the wake back principie (Alting, 1995)

This trend is most apparens in the case of worn-out products
Shortage of dumping sites and waste-incineration lacilities con-
stantly remind us that products do not merely disappear afler
disposal While it is widely acknowledged that the most ecologi-
cally sound approach to worn-out products is recycling, it is
rarely possible or beneficial to recycle a product completely.
The aim is to maximize recycled resources and minimize possi-
ble damage by the remainder that is dumped, while considering
economie factors as well as other side-effects.

The natural solution is product disassembly which can lead
to cost minimizaton, hazardous materials isolation, and oppor-
tunities to re-use or re-utilize materials and components How-
ever, unlike traditionai manufacturing processes which are
based on dedicated assembly line per product, disassembly pro-
cesses are characterized by a high variety of products {similar
but not identical), manulaciurers and uncertainty in product
condition or imtegrity after usage. Therefore, an appropriate
disassembly technology must combine flexibility and robusiness
to be able 1o deal with products with these issues. There are
two approaches for disassembly:

(a} Follow the inverse problem of an assembly operation
(which can be denoted as a nondestructive disassembly ).

(b) Use destructive methods and cut product parts and join-
ing elements in an irreversible way

In this research we follow the destructive approach and aim
at developing a robust approach for separating joining elemenis
such as screws The destructive approaches that can be found
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Impact Fracture of Screws for
Disassembly

Envirommental legistation nrges manufacturers 1o develop effective technologies 1o
cope with obsolete products The goal is to optimize the disassembly procedure (cost,
efficiency) with emphasis on potential recycling. In thiv work we adopt a desiructive
approach to product disassembly as an alternative fo reverse assembly Specifically
we investigate unsupporied screwed assemblies for which the screw head is protrud-
ing. Disassembly consist of breaking this head by applying side impact. The transient
forces are measured by means of an instrwnenied bar. Experiments were conducted
on vartous screw diameters and materials 1o assess the feasibility of this process.
Typical design parameters {energy, time and forces) were meastired. The fracture
mechanism( s ) was characterized by fracrographic analysis. Results are presented
and poresial applications of this wehnigue 1o efficient disassembly are discussed
The results are integrated into the preliminary design of robotic disassembler

in the literature are mainly used in the recycling process for
fast and efficient separation of products. Hanft and Kroli (1995)
deal with classification of disassembly operations utilizing dil-
ferent approaches such as: drilling sawing, grinding and pro-
posed a metric for evaluation Seliger et al. {1995) presented a
method, based on two stages: first create an acting intesface on
the joining elements and then use conventional assembly tools
in order to loosen the joining element. Feldmann et ai. (1993)
proposed 1o combine transaission of torque with drilling.

In contrast to the above mentioned approaches we propose
to apply the destructive disassembly procedure based on (single
point} impact mechanics {used in the context of dynamic frac-
ture by Giovanola (1986)). Here the joining element {screw
fastener ) is subjected to lateral impact on its head, when accessi-
ble, or nut, for protruding nut-secured screws. Local deforma-
tions and fracture follow impact as a result of inertia solely. In
other words, the screw and the rest of the product are neither
supported nor constrained by an additional ad-hoc fixture. The
present research comprises not only a feasibility study but aiso
qualitative and quantitative results which may provide the
guidelines for practical future applications. Keeping the practi-
cal application in mind we Timit ourselves to screw-joints pro-
truding from the surfaces they are joining. Protruding iy essen-
rial for the applicability of universal lateral impact hammer for
all fastening screwws within our application

The paper is organized as follows: afier the introduction we
describe, in section 2, the general (ramework: experimental
setup, theory and calibration procedure. Then the experimental
results are presented in section 3, deseribing the calibrating
parameters, analyzed test results and scanning electron frac-
tographic analysis. Finally we discuss the resuits and theiv inter-
pretation, addressing potential applications of this technique
along with its integration into a robotic arm

2 General Framework

A detailed description of the experimental set up is given in
this section along with the theoretical framework which is the
base of this work. Calibration was the first measurement stage
followed by actual test measurements

2.1 Lxperimental Setup. The generai philosophy is to
use an “‘instrumented bar’’ (Kolsky, 1963) to apply and mea-
sure transient loads Preliminary testing was conducted on a
““Split Hopkinson Bar" test fixture (Kolsky, 1963). This kind
of test is commonly used to apply and measure transient loads
to cylindrical specimens inserted between the bars Here the
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Fig. 1 Side impact test and data acquisition apparatus, based oh an
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screw-head was sandwiched between the two bars {incident &
transmitter) and the energy input into the [racture process couid
be evaluated fiom energy balance considetations

However, tests conducted this way showed that the ‘‘trans-
mitter bar”' (ie the one that receives the transferred energy)
causes the screw-head to *‘smash’ without detaching from
screw body, meaning that energy was mostly invested into plas-
tic deformation In a subsequent series of experiments, we
adopted the single instrumented bar configuration as a means
to apply and measure the transient loads This side-impact appa-
ratus {Fig. 1) proved to be quite efficient to fracture the screw
heads. The screw head is brought into contact with » high
strength steel bar {127 mm diz } on which strain gages have
been cemented at its midlength (instrumented ~ bar) This bar
is impacted by a striker launched by an air gun at velocities
ranging from 1060 m/s {for these tests we used velocities at
the range of 10-30 m/s) In this setup two siress waves are
generated: the incident stress wave (e,.) generated by the strik-
er's impact and the reflected stress wave (e.r) formed by the
reflection of the pulse at the screw-head/bar interface. The typi-
cal pulse duration varies with the length of the striker and in
our experiments this fength was 0.17 m so that the pulse duration
was 66 us. Fracture of the serew’s head is detected through the
interruption of an electrical circuit { fast rising gate) The screw
is inserted in series into the electrical circuit. With this fracture
switch we determined the exact time at which the screw head
was totally detached of the body of the screw Sampling of the
pulses was achieved using a digital oscilloscope (Nicollet 490)
at a sampling rate of 5 MHz,

During the whole process, the screw-stand is unsupported,
so fracture occurs due to the inertia of the screw-stand assembly
as a counter force to the impact. The recorded signals can be
convested into interfacial (bar to screw-head ) displacement and
force pulses, as shown next

Jatrnal of Mamifasfiring Scionce and Endineerinag

2.2 Theoretical Test Analysis. (Kolsky, 1963; lohnson,
1983: Zukas, 1963) The stress, strain and striker-velocity sefa-
tions are given by:

i
Ty = Eeiuc = i.ocl Viaiser (1)
where:

oy = input stress wave in the instrumented bar

E = Young’'s Modulus of the instrumented bar

e = incident strain wave in the instrumented bar

p = density of the instrumented bar
C; = longitudinal wave velociy in the instrumented ba
Ve = striker velocity

The interfacial velocity V) is given by: (at the screw-head to
bar interface):

vl = CL{Gim; - Gruf} (2)

where: ¢, = reflected strain wave in the instrumented bar
The interfacial force F, is given by:

F! = EA{Ei:\u + Grcl’) (%}
where: A4 == gross section area of the instrumented bar
The *‘erergy loss™ in the instrumented-bar, equals the energy
transferred to the screw-head (creating fracture of screw head)
The balance of encigy wriles as:

U orpne = Uiuc - Urrl’ (“1’)
Whese {7, and U stand for the incident and reflected energy
respectively and Ul i the energy invested in the screw.
which in terms of the inctdent and reflecied pulses becomes:

U.\crcw = ACLE f - (E?;w - Eil')(iﬂ (5}
ri

where # varies from: 11-—the beginning of the stress pulse
(10% rise)

to:  Z—ihe fracture gage pulse (fracture time).

The over-all fracture energy Ui, is the basic parameter re-
quired for future design of fracture apparatus for last disassem-
biy of screw [usteners. Of course, its accurate evaluation relies
on the accurate determination of e, and ..

2.3 Calibration Procedure. Two important factors affect
the results accuracy. The frst is related to the dispersion and
atlenuation of the pulses in the bar and the procedures employed
to account for these phenomena ( Kolsky, 1963; Lifshitz, 1994},
The second factor is related to the nature of the contact between
the instrumented bar and the screw head which causes a high
level of reflected pulse. In these experiments, by contrast with
“classical impact tests,”” the contact area between the bar and
the screw head is poorly defined as it is closer to a lpe than to
a plane. The level of reflection is thus quite high due to the
mismateh of mechanical impedance. Since the {racture erergy
relies, among other things, on the sum of two signals [incident
and reflected, see Bq. {3)] which are very simitar but of opposite
sign, one has 1o ensure that the measurement does not reflect
merely “‘background noise” (this issue was addressed in an-
other context by Maigre and Riuel, 1993). ldeally, for a free-
end bar the incident and reflected pulses should be identical,
provided the pulses are corrected for geometrical dispersion In
other words, after correction the net interfacial force should be
zero (free end condition) and the dissipated energy should be
zero as well. Consequently, the first step was to calibrale the
system on a series of {ree-ended bar experiments, by:

i, Cormecting the pulses in view of the geometric dispersion
ii. Delermining the average linear attenuation coefficient of
the signal {(damping).
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Linear atlenuation is generally not accounted for, when geo-
metrical dispersion corrections are carried out. We included this
ad-Noc correction to improve the quality of the signal correc-
tions as addressed next. The damping factor is given by:

I = Iyrexp(—~a*+Ax) {6)
Where:

a = damping factor
AX = distance traveled by the pulse along the bar

Iy = the initial pulse’s amplitude

I. = the corrected pulse’s amplitude

The corrections were perlormed using signals, from a free-
end bar tests. The incident pulse was first shifted forward in
time Lo coincide with the first reflected pulse. The forward time
shifted incident pulse was corrected for geometric dispersion,
Then, we compared the amplitudes of the forward time shifted
incident pulse and the first reflected pulse as recorded, and
calculated the average ratio {/,/fy). Then the damping factor
was caleulated according to Eq. (6).

The experimentai pulses were subsequently corrected using
the dispersion corrections along with this damping factor, Care
was paid to the sign of the correction (positive or negative
damping factor) according to the shifting, forward or backward
400y F \iAl

4741 FEREBRIARY 40049

in time { which correlates with space) of the signal, with respect
to screw-head/bar interface.

3 Experimental Results

This paragraph details all experimental results following
those stages: calibration tests—-numerical and graphical results
of actual fracturing tests~-macro and micro fractographic ob-
servations and conclusions

3.3 Calibration. Conducting and averaging a series of 12
“free end”’ experiments (typically represented in Fig. 2{a¢) 10
2(¢})) we found the following average damping factorn:

a = —-0050 x Q009

Calculation of the energy loss in the instrumented bar after
applying all necessary corrections { dispersion, damping ) should
ideally be equal to zero for these {tee-end bar tests. From the
same series of experiments it was found that the average energy
is indeed very small but not negligible a-priori [applying Eq.
{5) ta Fig. 2{d)] with the following value:

7= 0.0075[1] = 00041 {J]

This value was systematically subtracted from all subsequent
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along with fracture pulse (U = 2.11[J]) {d) interfacial force (equivatent 10! i + €} along with fracture pulse

values obtained in actual tests as an estimate of the average
error

3.2 Test Results, The experiments were conducted on
commercial stainless steel and carbon steel screws with di-
amelers ranging {rom 2.0 to 5.0 mm. These screws are
the most commonly used, eg., in standard commercial
electronic systems. All screws fractured subsequent to im-
pact

A typical sequence of the recorded and analyzed pulses is
shown in Fig. 3 (M3 carbon steel screw). The raw pulses are

Table 1a Test resuits of carbon-steel screws

shown in Fig. 3{a). The incident and the first reflected pulse are
shown next in Fig. 3(b) after shifting both of them 10 the screw-
head/bar interface plane and after the correction process {(disper-
sion and damping corrected ). A feature, which is common to all
tests, is that the reflected pulse overlaps with the incident pulse
after a certain amount of time (typically 60 us) within the first
reflected pulse duration, as shown in Fig 3(c), so that the differ-
ence between the two pulses is merely zero from the merging
poimt and further on The fracture switch, on the othe:r hand,
signals fracture on an average of 135 ps later, Figure 3(d) shows
the inerfaci force which is derived from the sum { € + € )
The experimental results are swmmarized in Table 1

Table 1b Test resulls of stainfess-steel screws

screw type | core jrumber]  striker input fracture
diameier| of velocity force energy
mmi | tests | [misec] | [107*N] ]
M2.0 X04] 1.57 3 J155-16.1) 2.0-23 ] 0.55-0.88
M2.5 X .45 201 9 158-165] 27-3.11 0.70-1.16
M3.0 X035 234 6 155-16.2| 4.5-521 1.86-3.14
M4 X077 3.09 7 1195-205] 7.2-8.81 4.94-6.17

Jairnal of Manufacturing Science ard Ercaineering

screw type | core jnumber  striker input fracture
diameter; of velocity foree anergy
[mm] | tests 1 [misec] | [i0°*N] in
#2-56-UNC| 1.62 11 1145-155] 20-23| 0.60-0.94
MG X 0.5 2.34 6 1160-19.0f 40-45| 2.01-235
M40 X071 309 8 1180-190] 54-62 | 3.6]-444
M5.0 X0.8 397 5 230 79-82] 751-852
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Carbon steel serew (M4.0X0.7)

Carbon steel screw head (M4.0X0.7)

Fig. 4 Typically fractured M4 carbon steel screw

3.3 Fractopraphic Results. Macro-photographs of a typ-
ical broken carbon steet screw is shown in Fig 4. Fracture
always starts at the thiead-root, with & small Hp at the stress
wave entrance side The same features were observed regardless
of the investigated material or screw diameter,

Typical scanning clectron fractographs are shown in Fig 3.
These fractographs show characteristic ductile fracture micio-
mechanisms, caused by joint shear and tenstle mechanisims Tensile
ductite failure is evidenced at the stress wave entrance side (equi-
axed dimples) followed immediately by ductile shear ( U-shaped)
dimples (Metals Handbook, 1974) As one progresses away from
the side of the impact the ares fraction of shear dimples increases

4 Discussion

Several important points related to the experiments will now
be addressed, keeping in mind the “design for disassembly’”
aspects of this work
4 V[

4794 CERBIIAPY 4000

Time to fracture is important since it sets the upper Hmil on
time for the integiat leading to the overall energy invested in
the screw Since there is a clear difference of about 15 ps
between the time at which the pulses overlap (free end condi-
tion) and the time indicated by the fracture switch, one might
wonder which of these two readings is more accurate. On the
one hand, pulses overlap means that contact is tost {or very
poor ) between the bar and the screw head . On the other hand
the fracture switch indicaies total fraciure of the screw, so that
one might tentatively interpret these §3 ps as some characteristic
time scale of the {racture process Hsell (crack propagation
phasc) . At any rate the increment of energy is negligible be-
tween either of these time Hmits For the sake of consistency,
all the calculations of energy reported here have been based on
the readings of the fracture switch.

The next point concerns the nature of the energy invested in
the screw 1t should be emphasized that energy here inciudes
the deformation, fracture and kinetic energy terms all at once.
Since we cannol separate the total energy into its individual
components, we can just assume that the dominant term is that
reluted to deformation and fracture. The measurements repoited
here are guite similar to Charpy or lzod tests (Hertzberg, 1989)
carried out routinely to charactesize materinls resistance 1o im-
pact loading. In these tests too, the energy is measured under
the same assumptions. We observed that all fractures were of
a ductile character (by mixed tension and shear). This assigns
a character of upper shelf fracure behavior when comparing

Muagnification. x4200 5 [pm]
(©
shear
()

shear + tear

mpact
direction

(a)

lear

Fig. 5 Typical SEM phractographs of fractured M4 carbon steel screw
head: {a) at the impact entrance side (b} at the center of fractured area
{¢) opposite to the impact side
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these results 10 tests such as Charpy or Izod. This is to be
contrasted with other types of screws which would fail in a
brittle manner, thus requiring smaller total energies. This upper
hound is of importance to the future design of a disassembly
machine

We did not attempt to “‘improve’" our waveguide (incident
bar) by shaping its end into a chisel type profile. Preliminary
experiments with such profiles were carried out which yielded
highly distorted stress waves, thus useless for our quantitative
purposes exposed in this paper Nevertheless, the screw heads
fractured so that it is reasonable to assume that the shape of the
impacting end can be modified with respect to the present one.

Arnother important point is that of the angle of impact. In our
work, we only consider impact perpendicular to the screw head
which is obviously the most efficient way to shear it of{. Practi-
cal situations might mvolve different angles whose influence
remains to be assessed.

To gain further understanding of the process, it seems natural
1o normalize the total energy by dividing it by the net fracture
area as shown in Fig. 6 This figure shows that this ratio is not
constant as expected, e.g., in a Charpy test, neither for stainless
nor for the carbon steel screws. Rather, a power dependence of
the energy on the net fracture area is noted. Keeping in mind
that failure always starts at the thread root, it seems natural to
introduce this geometrical parameter of the screw into the reln-
tion, as shown next

Journal of Manufacturing Science and Engineering

Early work on fracture mechanics showed a similar depen-
dence between the static stress inlensity factor {more precisely,
the plane strain fracture toughness K, ) and the square root of
the notch root radius \/; in Charpy specimens {Malkin and
Tetelman (1971}, as well as Swanson (1986)):

KI{' « \/;

This relation is very similar to the one observed here between
the overall energy and \[p— It is also known that the energy
release rate G can be correlated to the stress intensity factor(s)
K {1, II or their combination) (Hertzberg, 1989):

(7}

Ga% (8)

Therefore, G and K are related to »f;; (Swanson, 1986; Herz-
berg, 1989).

Consequently, when dynamic fracture is considered, one nat-
urally attempts to correlate a representative energy reiease rate
to the dynamic stress intensity factor(s). Several empirical cor-
reiation were proposed in this spirit to assess the dynamic stress
intensity factor Ky (Herizberg, 1989) Such correlation relate
K to the Charpy Venotch energy: Gevw and they generally
write as (Hertzberg, 1989; Nageswara and Acharya, [992):
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Gy & - (9}

In our work we assimilite s 10 Geun 50 that one expects
that /... like K, be related to v g as well.

Consequently, we now replot (he normalized Uy, a5 func-
tion of the square oot of the thread root radius ¥p The thread
root radius can be assessed from manufacturing standards for
screws (IS0, 1984 ) as follows:

1SO standard where p = 0.108+F
UNIFIED standard where p = (.142+P

Where P is the screw pitch.

Figure 7 shows this relation and it can be noted that several
points (or group of points} do nor lie on the expected cuve
while deviation is mostly apparent for the carbon steel screws
compared to the stainless sieel screws.

To account for this discrepancy, we checked the serew’s looth
geometry using optical comparator. Figure 8 is a plot of the
measured vs expected root radius This figure shows large devi-
ations from standard requirements mostly in the carbon steel
SCIEWS.

Figure 7 can now be repiotied using actual values of the
thread root radius, as shown in Fig 9 This figure shows that
the points now lie along the kind of curve predicted by the
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empirical fracture mechanics model, thus allowing to properly
take imo account the thread rool geometry of the screws.

The reported experiments were conducted in an attempt to
evaluate the feasibility and effectiveness of unsupported "‘as
is,”” vs. supported assembly, and we found out that dynamic
fracture of unsupported screw-assembly is feasible. This adds
to the versatility of our approach as to the requirement for
supporting the bady in-work. Furthermore, the results may be
useful for design purposes of a disassembly device when actual
maximum values of energy, force and striker speed required for
this process are given per screw material and size. The next
stage is thus {0 implement the above mentioned results into a
disassembly device.

5 Practical Application: Destructive Disassembler

A destructive disnssembly device had been designed for prac-
tical applications, based on the above analysis (Fig. 10). The
device’s sizes and weight are constrained to a medium size
robatic arm, which limits us to max. sizes of 300 x 200 X
200 mm and max. weight of 10 kg Electro-pneumatic system
activates and controls the device, while electro-optical vision
system is assisting in accurate positioning of the active edge
{this feature is beyond the scope of this work).
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Fig. 10 Layout of the developed destructive disassembly apparalus

A high strength/hardness sieel hammer treated for optimal
toughness will be in contact with screw head, where the inter-
face surface is shaped to have the best contact surface at +10°,
in order to improve accessibility and minimize parasitic forces
that might develop due to misalignments. The striker, made of
hardened stainless steel, is pneumatically driven with a 10 Atm
pressure line that can be regulated with respect to a given fas-
tener The supplied pneumatic pressure o the striker is stabi-
lized during the acceleration period, by o pressure vessel, acting
as a *‘pressure battery.”” Electro-pneumatic control system regu-
lates the pressure-pulse duration for accelerating the striker, as
well as the backward movement of the striker and hamme:.
Since impacts created by this process are significantly high (up
e 10 N) and short (40 psec), a granular impact damper was
integrated in the disassembier.

Disassembler design considers various geomelric consiraints
and the required dynamic effects. Suiker mass should be at
least (12 Kg and a maximum required velocity of 25 m/sec
These 1equiremnents guaraniee fracture of screws and fasieners
with characteristics similar to those tested.

The significant design parameters are the piston’s stroke and
diameter. The orifice’s diameter is limited due (o the required
set-up on the robotic arm. In our case the maximal value of the
orifice’s diameter is 12.7 mm
The physical relations describing the dynamic process of filling
in the piston’s volume are as foliow (Din, 19536, Hatsopoutos
and Keenan, 1963, Shaanan, 1969):

A"C:‘.‘thPu"F

The mass flow: G = T (10
v

The acting force: f = /- (—E—f)

145 e 31k
N B 2 T

C3 P,, Pﬂ'
Where:
C o= 2k seC\/;iz
l (k— 1R m
k sct:\/‘:ﬁ
G = PR m
R“( 2 )
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) L ]
Po= () [5]
kE+1 m

A [m*] Otifice area
G* [@] Mass flow
sec
P, Py [i\i;:[ Pressure before and after the orifice respectively
m°

T{°K] Temperature

R N m Spectlic gas constant
Kg-°K

2

n’ -
C, | mm—1 Specific heat at constant pressure
sec”-"K

m’ .
C, § e Specific heat at constant volume
sec” K
C, (non dimensional} Orifice quality constant between 1:0

k=G

u

Specific heat ratio

Design is done in two iterations: first we determine the gas
flow in tesms of mass and volume, where the pressure in the
piston is determined through the ideal gas state equation. De-
termining the dynamic features of the piston ends with the new
cylinder free volume. Second iteration starts if we find out that
the input pressure drops due Lo excesses increase of the cylinder
free volume. In this case we force the pressure lo be constant
in time and we determine the cylinder new free volume from
ihe gas state equation. The whole process is a time dependent
caicniation with finite time steps. The calculation is ended when
the required piston’s velocity is reached

6 Summary

Motivated by recycling considerations we proposed in this
paper a novel approach for destructive disassembly ol screwed
assemblies
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Dynamic fracture of screwed [asteners was proven to be fea-
sible and is therefore applicable to rapid cost effective disassem-
bly tools.

Increased flexibility was gained by considering unsupportied
assemblies.

The fracture energy and mechanisms were systematically
characterized lor typical screw diameters and two different ma-
terials,

A simple fracture mechanics model was used to relate the
fracture energy to the screw geometrical parameters,

The present results comprise the basic parameters needed for
the synthesis of the disassembler presented here.

7 Acknowledgments

This research has been supported in part by the Fund for the
Pramotion of Research at the Technion, Research No. 033-039

8 References

Alting, L., 1993, “Life Cycle Engineering and Design.”” Annals of the CIRP.
Vol 44, No. 2, pp, £0~14

Din, 7. 1956, Thermaodynanic Funcrions of Gases, Butterworth, London

Feldmann, K . and Meedt. O, 1995. *Recyeling and Disassembly of Hlectronic
Devices,”” Proceedings. Prolomut 95, F-L Krause. ed . Berlin, Germany, pp
233-245

Giovanola. J H., 1986, “investigation and Agplication of the One-Point-Bend
Impuct Test,”' ASTM $TP 90S. American Society of Testing and Materials.
Phitadelphio. PA, 307-328

126 / Vol. 121, FEBRUARY 1899

Hanfi. T A. and Kroll. E.. 1995, “"Ease of Disassernbly Evaluation in Design
for Recycling,” Design for X-Concurrent Engineering hmperatives. Huang. G Q.
cd.. Chapaue & Hall

Hatsopoulus, G N., and Keenan. J H . 1965. Principles of General Thermandy-
ramics. John Wiley & Sons, New York, NY

Hertzberg. R.W., 1989, Deformation and Fractre Mechanics af Engineering
Marterials. John Wiley & Sons, 3rd ed . New York. NY

Johnson. W . 1983, Impact Strength of Materials. Edward Amold

Kolsky, H . 1963, Stress Waves in Solids. Dover Publication. Znd «d

Lifshitz, } M. and Leber. H . 1994, " "Data Processing in the Split Hopkinson
Pressure Bar Tests,'" fnr JF Impact Eng . Vel 15, Neo 6. pp 723-733

Maigre. 1. and Rittel. D, 1995, ~Dynumic Fracture Detection Using the Foree
Displucement Reciprocity: Application to the Compaet Compression Specimen.”™
Int. J of Fraciure, No 73, pp 6779,

Malkin, J . and Tetelman. A S. 1971, " 'Relution Between &, and Microscopic
Strength For Low Alloy Steels.’" Engineering Fracmre Mechanics. Vel 30 pp
151167

Nugeswarni, R, B . and Acharyi, A R . 1992, A Comparative Study on Evatua.
tion of Fraciure Toughsess from Chagpy V-Noteh Impact Enesgy and Reduction-
in aren.” Eng Fracr Mech. Vol 41 No |, pp. 85-90

Seliger. G, Hentschel. C., and Wagner. M.. 1994, " Disassembly Factories for
Recovery of Resources in Product and Muterisl Cycles,” Proceedings. Prolomar
‘a5, F-L. Krause. ed., Bedin, Germany. pp. 38-67

Shaanan, 5, 1969, * Development of Fast, two-positions Electro-Preumatic
Valve for Comrol Systea,”” Mse, Thesis, Technion, Tsraed

Swanson, R E., Thompson, A. W, and Bernsieis, I M.. 1986. " Effect of Noich
Root Radius on Stress Intensity in Mode | and Mode 1E Loading.” Metallurgical
Transactions, Yol 17A. pp 1633-1636

Zukas, I A . 1963, High Velocity Impact Dynamics. John Wiley & Sons. New
York. NY.

Metaly Handbook, 1974, Fractography and Atlas of Fawtographs, AS M . 8th
ed.. Vol 9, Metals Park, OH

Internitions] Organizaion for Sundardizasion (IS0}, 1984, Fusteners and
Screw Threads. Voi 1B

Transactions of the ASME



